Refrigeration systems are major consumers of energy. To reduce this energy consumption, alternative cycles have been studied and one of the most important is the refrigerant injection system. In the last decades, the environmental restraints of refrigerants have increased and refrigerant mixtures have attracted attention. In this context, this work presents the energy and exergy analyses for a conventional vapor compression refrigeration cycle (VCC) and an alternative vapor injection cycle with flash tank (FTVI) using a mixture refrigerant of R290/R600a. The influences of refrigerant mixture composition and expansion ratio in the upperstage valve on energetic and exergetic performance parameters were evaluated. Free expansion and heat transfer were identified as the greatest irreversibilities in VCC and FTVI, respectively, accounting for 26.7% and 23.6% of total exergy inputs in these systems. Higher values of efficiency metrics were observed at around 40% wt of R290 for both cycles. Reasons for the observed behaviors and ways to improve the cycles from the thermodynamic perspective are identified and discussed.
Introduction
Refrigeration systems are of great importance in both domestic and industrial applications, and they are responsible for a significant share of world energy consumption. So there is a constant effort for optimization of these systems, leading to less energy consumption and consequent production cost reduction, especially in industrial processes.
The use of more efficient systems includes different specific areas: research of alternative cycles, the use of new refrigerants -pure or mixtures, equipment design optimization and cycle control improvement. Focus is on both thermal and electrically driven refrigeration systems. When fuel cost is low or waste heat is available, it is interesting to use absorption cycles [1] . In other situations, compression cycles are preferable [2] .
The main goal in the study of new refrigeration cycles, in general terms, is to make the real process closer to the ideal one, with irreversibilities at a feasible minimum, hence improving its thermodynamic efficiency. Currently, some of the most studied alternative refrigeration cycles are ejector, cascade and refrigerant injection systems. These cycles differ from the conventional vapor compression one by additional complexity, which is counterbalanced by performance improvements.
Particularly, refrigerant injection systems are proven to enhance the refrigeration/heating performance and the reliability of operation. These systems work with the injection of refrigerant from the condenser outlet to the compressor suction line, the compressing chamber or even the condenser inlet. Xu et al. [3] presented a review on liquid and vapor injection cycles, comparing different configurations explored in several works.
For alternative refrigerant investigation, the main motivation lays on the need to reduce environmental damage directly caused by fluids or indirectly by the system operation during its life cycle. The environmental restraints of refrigerants have increased since Montreal (1987) and Kyoto (1997) Protocols, which established the phase out of entire classes of refrigerant fluids such as CFC and HCFC. New refrigerant should combine environmental metrics as ODP (ozone depleting potential) and GWP (global warming potential) as small as possible, with high efficiency of cycle and adequacy for the specific application. In this context, refrigerant mixtures have attracted researchers' attention for the possibility of adjusting desired transport and thermodynamic properties by altering the mixture composition.
Calm [4] presented a historical review of refrigerant selection, pointing out the trends for next refrigerant generation. Granryd [5] discussed benefits and issues concerning the use of hydrocarbons as refrigerant fluids, which are substances with zero ODP and very low GWP.
Thermodynamic efficiency of a cycle is usually evaluated by energetic and exergetic methods. These two approaches are based on thermodynamic laws and indicate directions for cycle performance maximization. However, exergy analysis is considered more elucidative since it takes into account First and Second Laws criteria simultaneously, while energy analysis derives from the application of First Law solely. In this sense, exergy analysis allows to compute and locate cycle inefficiencies in a more comprehensive way [6] .
D'Angelo et al. [7] developed a parametric analysis for some process operating variables of a vapor injection refrigeration system with flash tank using mixture refrigerant R290/R600a. These authors elected COP, refrigerant temperature glide and others parameters as metrics to identify working cycle conditions associated to higher efficiencies. The aim of this work is to perform an exergetic analysis on the same system studied by D'Angelo et al. in order to evaluate the location and magnitudes of irreversibilities and identify and discuss ways to improve thermodynamic performance of the system.
Description of the refrigeration cycles

Vapor Injection Refrigeration System with Flash Tank
The FTVI studied is shown in Figure 1 . It can be briefly described as follows: superheated vapor (#4) from the second stage of compressor flows through the condenser and leaves it as saturated liquid (#5), which goes to the upper-stage expansion valve where the pressure drop produces a vapor-liquid mixture (#6) that enters the flash tank and is separated in a vapor (#9) and a liquid (#7) streams. The liquid stream is sent to the lower-stage expansion valve where another vapor-liquid stream (#8) is produced. Subsequently, this stream is completely evaporated to saturated vapor in the evaporator (#1). After that, the vapor obtained goes through the first stage of compressor (#2) and the pressure is increased to the same pressure of stream (#9). Finally, the resulting mixture (#3) undergoes the second stage of compressor, closing the cycle. Figure 1 . Schematic of the vapor injection refrigeration cycle with flash tank (extracted from [7] ).
The correspondent VCC was also simulated for the sake of performance comparison. The VCC has four basic equipment, namely a condenser, an expansion valve, an evaporator and a compressor operating with only one stage. Streams #1, #4, #5 and #8 of FTVI are equivalent to that of VCC.
Temperature glide difference
Differently from pure substances and azeotropic mixtures, zeotropic mixtures undergo composition changes during evaporation and condensation, which mean that these processes do not occur isothermically. In this sense, temperature glide difference is the temperature interval in which phase change takes place. In theory, according to Rajapaksha [8] , the performance of a vapor compression system can be improved by the use of refrigerant mixtures with temperature glide differences of 5 °C or larger.
By matching the refrigerant and heat transfer fluid temperature profiles in a counter flow heat exchanger, temperature difference can be maintained almost constant the existence of a temperature glide lowers power consumption because compressor works across a reduced pressure range.
In the present work, the following temperatures were fixed: evaporator inlet is -23.3 °C and saturated vapor in condenser is at 54.4 °C. These specifications correspond to case A in the analysis of D'Angelo [7] and result in a behavior of maximum for COP as a function of mixture refrigerant composition. These temperatures were defined based on the ASHRAE standard single point condition used for rating refrigerator/freezer compressors.
Methodology
Simulation and validation
FTVI and VCC were simulated in Aspen Hysys ® version 8.4 [9] using the Peng-Robinson equation of state as property package and its standard mixing rules. The binary interaction parameter was estimated internally by the process simulator as 0.01041 for the pair R290 and R600a.
The simulations of VCC and FTVI considered the following assumptions:
• Since the mixture composition and the thermodynamic model adopted were the same as those of simulations presented in D'Angelo [7] , no additional validation was performed in the present work. The cited authors validated properties of both R290 and R600a pure by comparing correspondent values from Aspen Hysys and Refprop 9.1. Equilibrium data for mixture R290/R600a and VCC parameters were checked with values from literature. For more details on the validation procedure, see [7] .
Exergy analysis
Exergy is defined as the maximum useful work obtainable when a system is brought from its actual state to the complete equilibrium with a reference environment through reversible processes of energy and mass transfer. When the complete equilibrium is attained, there are no more possibilities of useful work production and the system is at the so-called absolute dead state, which is characterized by the absence of temperature, pressure and chemical potential gradients.
Exergy is not conserved and its balance equation includes a term related to exergy destruction that indicates the magnitude of the irreversibilities occurring in a process or equipment. For a steady-state control volume, exergy destruction rate is determined by Eq. (1) [6, 10] . Here, the first two terms on the right-hand side are the inlet and outlet material streams exergy flow rates. The third and forth terms are the exergy transfer rates associated to heat and work transfers. To apply Eq. (1) to FTVI, VCC and their equipment, the environment reference proposed by Szargut et al. [10] was adopted. Hinderink et al. [11] presented a methodology to calculate exergy using data from process simulators. This methodology was employed in this work and divides the total specific exergy associated to a material stream into mixture, physical and chemical contributions, each one related to a different driven force. These contributions are originally calculated by Eqs. (3) to (6) . Potential and kinetic contributions were neglected in Eq. (2) since they are generally very small when compared to the other ones [6] .
In the present work, however, in order to facilitate the calculations of total specific exergies of material streams, physical and mixture contributions were added together and treated as a single one, resulting in Eq. (7). Thus, it was not necessary to determine individual component properties of all streams of the cycles at their respective temperatures and pressures. Instead, only properties required in Eq. (6) were determined. Figure 2 shows how these properties were computed in the process simulator.
Values of total specific exergy for all streams of the cycles are the only ones of interest in this work. Therefore, the consideration of mixture and physical contributions as a single one does not affect the results of exergy analysis. Figure 2 . Schematic used to determine properties required for exergy calculation related to (a) mixture and (b) pure component.
Independent variables and performance metrics
The independent variables considered in this study to realize a parametric analysis are the expansion ratio in the upper-stage valve (ER) and the mass fraction of R290 in the stream leaving the condenser (#5). Values assigned for ER were 30%, 50% and 70%, while mass fraction of R290 in #5 was varied from 0% (pure R600a) to 100% (pure R290) in intervals of 10%. The ER is defined by Eq. (8) and it determines the vapor quality and the composition of the phases in stream (#6). Mass fraction of R290 in stream #5 affects properties of all streams in the cycles.
Some performance metrics were computed to evaluate the cycles from energy and exergy points of view. The energetic parameter chosen was COP, calculated according to Eq. (9) . COP is widely used in evaluating refrigeration systems and compares the cooling effect obtained to the energy consumption required. For the exergetic assessment, beside exergy destruction rates, see Eq. (1), cycles performances were measured by exergy efficiency (η ex ), given by Eq. (10). The exergy efficiency is defined in a similar way to COP, except that the exergy flow rates are considered in place of the energy flow rates. The refrigeration systems studied are used to produce the cooling effect while transferring exergy to the propylene glycol used as heat transfer fluid (here, a secondary refrigerant) in evaporator. This is accomplished at the expense of power consumption in compressors. In this sense, the definition in Eq. (10) is known as rational exergy efficiency because it takes into account the desired product and the necessary fuel exergy flow rates according to the productive purpose of cycles. This type of efficiency disregards the effect associated to a heat pump producing heating while transferring exergy to the air used as thermal sink in condenser.
Energy and exergy analyses: results and discussions
COP profiles for VCC and FTVI are shown in Figure 3 . As expected, FTVI presents greater energetic efficiency than that of VCC because of its lower power compression requirement. In this sense, although VCC operates with a single compression stage, all the refrigerant that flows in this system is compressed in only one stage, from the lower to the higher pressure. At this point, it is interesting to recall some characteristics of FTVI.
As illustrated in Figure 1 , the first stage of compression takes only a fraction (liquid stream #7) of the refrigerant at the condenser outlet stream (#5) from the lower to the intermediate pressure. After that, stream leaving the first stage of compressor is mixed with the remaining part (vapor stream #9) of the total refrigerant flow rate, resulting in stream (#3), which is finally compressed in the second stage of compressor from the intermediate to the higher pressure. Therefore, the first stage works with a lower refrigerant flow rate (#7) and under a reduced compression ratio (P 2 /P 1 ). Also, in the second stage of compressor, the effect of a greater refrigerant flow rate is somewhat counterbalanced by the temperature drop from stream #2 obtained in the mixture chamber, which serves as a direct contact heat exchanger, decreasing the specific volume of second stage compressor inlet (#3). Consequently, FTVI demands less compression power compared to VCC to produce the same cooling effect, hence showing higher COP values. These observations are evident for pure refrigerants. For refrigerant mixture in case A (the same considered here), D'Angelo et al. [7] showed that global compression ratios (P 4 /P 1 ) are practically equal for both FTVI and VCC, with very small differences due to refrigerant composition. Thus, observations above are also applicable to refrigerant mixture. Furthermore, D'Angelo et al. proved that total refrigerant flow rate in FTVI is smaller than that in VCC along all values considered for ER and mass fraction of R290 in stream #5. This verification also supports greater COP values for FTVI.
COP profiles in Figure 3 show maximum points as a function of R290 mass fraction in #5 for all values of ER. This tendency was previously verified in literature [12, 13] and it can be assigned to mixture effects on properties. In this way, compression power is affected and it reaches a minimum as a function of refrigerant mixture composition. Additionally, the range of minimum power compression coincides with the range of minimum total refrigerant flow rate for both FTVI and VCC [7] . It would be interesting to examine the reasons for these effects from a molecular perspective, but this is out of the scope of the present work.
For both FTVI and VCC, maximum COP values are verified around 40% R290 mass fraction in #5. A blend with 50% of R290 is commercially available and this composition seems to be attractive. Moreover, the influence of ER in streams properties is in such a way that slightly greater COP values are attained at ER of 70% below 40wt% of R290 in #5 and at ER of 50% above that composition.
Global energy balances for VCC and FTVI are graphically depicted in Figures 4 and 5 In the situation illustrated in Figure 5 , distribution of compression power requirement in FTVI indicates that the first stage of compressor is more power intensive than the second one. However, D'Angelo [7] showed that this distribution changes for values of ER different from that used in Figure 5 . These authors considered a more equal distribution as better for a two stages compressor and observed that an ER of 50% is favorable for lower R290 compositions, while an ER of 70% is desirable for higher R290 compositions. Profiles of COP gain for FTVI in comparison to VCC are presented in Figure 6 . Eq. (11) was applied to determine how higher the energetic efficiency of FTVI is in relation to that of VCC. As can be observed from Figure 6 , COP gain of FTVI is not so pronounced till around 20%wt of R290 in #5 for ER values of 30% and 50%. After a minimum point at this composition, the increasing rate of COP gain in FTVI becomes greater. The same is valid for ER value of 70%, except that the minimum occurs next to 40%wt. It is verified that COP for FTVI differs from that of VCC by gains in the range of 15 to 31%. η ex profiles of FTVI and VCC are presented in Figure  7 . A comparison with Figure 6 reveals that both performance metrics show behaviors that are qualitatively identical. Similar explanations presented for effects on COP are pertinent to effects on η ex . Nevertheless, values of η ex are significantly lower than that of COP. Among these two parameters, in view that exergy takes into account the First and Second Laws criteria at the same time, η ex is considered more meaningful from the thermodynamic perspective. In this sense, η ex reflects quantity and quality of energy, while COP reflects only quantity. Figure 7 were considered. Values of percentages of exergy loss and destroyed exergy rates are shown. Exergy loss rate to environment occurs only in condenser because the cooling effect was defined as the single useful output for both cycles, in accordance to their productive purpose. This has to do with the already mentioned heating effect produced by a heat pump, which was disregarded as a desired effect in the present work.
An analysis of Figures 8 and 9 reveals that a greater total exergy destruction rate is verified in VCC, which also has a higher exergy input rate. Although VCC works with only one compression stage, exergy destruction rate caused by compression is lower in FTVI. The two stages of expansion in FTVI produce less irreversibility than the single one in VCC. Still, exergy destructions rates in condenser and evaporator and exergy loss rate in condenser are slightly higher in FTVI. At this point, it is noteworthy to mention that these comparisons are more thermodynamically consistent since they are performed on the basis of exergy instead of energy. An interesting difference depicted in Sankey and Grassmann diagrams is that energy and exergy transfer rates in evaporator are in opposite directions. This is due to the evaporator operates at temperatures below the temperature of reference environment. Furthermore, because of the assumptions made in this work, exergy transfer rate to propylene glycol in evaporator is constant and equal in both FTVI and VCC. Therefore, just as for COP, η ex variations are determined by changes of compression power requirement. Consequently, gains of these two performance parameters show profiles with identical shapes for FTVI in comparison to VCC (see Figure 6 ). This also explains similar behaviors in Figures  3 and 7 . From Sankey and Grassmann diagrams, it is also remarkable that energy and exergy input rates are equal as a result of direct equivalence between work and exergy. Moreover, according to Figure 9 , mixture chamber is the equipment with the lowest exergy destruction; the flash tank does not present irreversibility because it works as a simple separator for the liquid and vapor phases of stream leaving the upper-stage valve (#6). In this way, no temperature, pressure and composition variations are observed in the flash tank.
Values of η ex are indicative of global thermodynamic performance and total irreversibility of the cycles. Local thermodynamic performances can be measured by exergy destruction rate of each component in order to identify the main sources of irreversibilities. Since exergy is usually related to economic and environmental costs, it is important to know the magnitudes of exergy destruction rates in equipment of a system and to propose ways to minimize them. These costs are determined by means of exergoeconomic and exergoenvironmetal analyses [6, 10] .
Profiles of exergy destruction rates occurring in VCC and FTVI are shown in Figures 10 to 13 . In FTVI, the main source of irreversibilities is the evaporator, which presents a point of minimum exergy destruction rate in the same composition range (near 40wt% R290 in #5) of maximum points of COP and η ex . On the other hand, the equipment associated to the largest irreversibility in VCC is the expansion valve. Also for VCC, minimum point of exergy destruction in the valve is in the same composition range that contains maximum points of COP and η ex . In both cycles, it can be considered that valves are used to produce a temperature reduction as a consequence of a pressure drop. One way to avoid the exergy destruction rate associated to a valve is to control the free expansion in order to decrease the resulting irreversibility. Inlet and outlet pressures of valves are affected by R290 mass fraction in stream #5. The influence of this composition is more pronounced in the VCC because the expansion degree in the single valve of this system is higher. Other parameters that could be varied to decrease the irreversibility in valves were kept constant in the present work. Thus, effects of outlet vapor qualities and initial saturation temperatures at condenser and evaporator were not evaluated.
Another option to avoid exergy destruction rate in a valve is to substitute it by a turbine to extract power from the expansion process. However, this is sometimes not feasible from the economic perspective due to the cost of a turbine capable to deal with a vapor-liquid stream and the usually small useful work obtainable. In addition, in the FTVI, it is observed that the exergy destruction rate in the upper-stage valve rises as the ER is increased. At the same time, irreversibility in the lower-stage valve decreases since the expansion degree in this equipment is smaller in order to reach the global compression ratio required.
Amongst heat exchangers, evaporator is the one associated to the highest exergy destruction rates. In VCC and FTVI, matching of temperature profiles between refrigerant and propylene glycol is in such a way that the greatest irreversibilities in evaporator are verified for pure R290 and pure R600a. This is an important advantage due to the temperature glide, which causes the increase of absorption of exergy from hot stream by cold stream. Differently from evaporator, condenser presents the highest irreversibility when pure R290 is used and the lowest one in case of pure R600a. In this sense, temperature glide in condenser was not enough to assure maximum points of exergy destruction in both extreme values of composition under all values of ER tested. Lower terminal temperature differences at condenser and evaporator decrease the exergy destruction rates in these heat exchangers. In this way, exergy rejected by hot stream is received by cold stream in a greater quantity. However, smaller temperature differences demand greater heat exchange areas and it represents a constraint from the economic perspective. In the limit case, heat exchanger area increases infinitely if terminal temperature difference tends to zero. Therefore, an equilibrium point between thermodynamic and cost criteria must be sought. Since pressure drops in heat exchangers were neglected, the associated irreversibilities were not computed.
Exergy destruction rate in a compressor is generated by friction due to fluid-fluid and fluid-wall contact. Isentropic efficiency determines how irreversible a compressor is and is calculated by means of Eq. (12) . Effects of this can be observed in Figure 3 , which presents values of COP inferior to those of D'Angelo [7] because of less efficient compressors considered in the present work. The use of compressors with higher efficiencies reduces the irreversibility associated to compression. However, improved compression technologies are more expensive. Thus, in the same way as for heat exchangers, an equilibrium point between thermodynamic performance and economic cost is desirable. Additionally, it is observed that irreversibility in the second stage of compressor increases with the increase of irreversibility in upper-stage valve as an implication of the ER rise. This occurs in order to reach the compression degrees demanded and is also valid for first compression stage and lower-stage valve. In this way, a greater compression degree implies in higher exergy destruction rates in compressors. In FTVI, the lowest exergy destruction rate is in the mixture chamber, where irreversibilities are caused by temperature and composition differences between input streams. In view that this irreversibility is very small, improvements on the mixture chamber over the performance of the cycle are negligible. In pure refrigerant situations, mixture effects vanish and the exergy destruction rate decreases.
Conclusions
This work presented the energy and exergy analyses for a VCC and a FTVI. An adaptation of a methodology for exergy calculation was done in order to reduce time and effort required for the exergy analysis. COP, η ex and exergy destruction rates were applied as performance metrics.
The main conclusions are: • Once energy and exergy input rates are equal due to assumptions used for simulation, maximum points of COP and η ex were observed at about 40%wt of R290 in #5 for both VCC and FTVI. The exergy analysis can be considered more meaningful from a thermodynamic perspective; • In the VCC, free expansion is associated to the greatest exergy destruction rate for all ER tested and for the entire range of R290 mass fraction in #5. This could be assigned to the high expansion degree occurring in the single valve of this system. A minimum point of irreversibility in the valve of VCC was observed around 40%wt of R290 in #5.
• In the FTVI, heat transfer produces the highest exergy destruction verified for all values of ER and R290 mass fraction in #5. The evaporator in this system is the main responsible for this and the temperature glide in it results in a minimum point of irreversibility in a composition around 40%wt R290 in #5.
• In the FTVI, the lowest exergy destruction rate occurs in the mixture chamber. Irreversibility in the second compression stage increases as the irreversibility in upper-stage valve also increases as an implication of the ER rise. This is also valid for the first compression stage and lower-stage valve.
Nomenclature
• Abbreviations and refrigerants names: FTVI -vapor injection refrigeration cycle with flash tank R290 -propane R600a -isobutane VCC -vapor compression cycle 
